We report the development of IgA nephropathy (IgAN) following full myeloablative allogeneic hematopoietic cell transplantation in two patients with human leukocyte antigen (HLA) matched sibling donors, unrelated to active or chronic graft-versus-host disease. Both recipients had elevated urinary levels of galactose-deficient IgA1, and one donor-recipient pair had elevated serum levels of galactose-deficient IgA1. We propose that IgAN developed after bone marrow transplantation due to a non-graft-versus-host-disease-related multi-hit process associated with glomerular deposition of galactose-deficient IgA1. These two cases provide unique insight into the kinetics of overproduction of galactose-deficient IgA1 and its glomerular deposition and consequential renal injury in IgAN.
Introduction
Kidney dysfunction after full myeloablative allogeneic hematopoietic cell transplantation afflicts 17-66% of adult recipients and is usually due to acute kidney injury, medication-induced nephrotoxicity, radiation therapy or thrombotic microangiopathy [1] . Glomerular disorders are unusual, with membranous nephropathy and minimal change disease found most frequently on renal biopsy [2] . IgA nephropathy (IgAN) has been reported only twice [3, 4] . We present two patients who underwent hematopoietic cell transplantation and later developed IgAN unrelated to graft-versus-host disease (GVHD). We explore the role of galactose-deficient IgA1 in this hematopoietic cell transplantation-associated glomerulonephritis.
Case descriptions

Patient 1
A 54-year-old Caucasian man with acute myelogenous leukemia underwent full myeloablative allogeneic bone marrow transplantation from his 10:10 HLA antigen-matched brother in May 2003. Chimerism studies of the bone marrow detected deoxyribonucleic acid (DNA) typing of only the donor (Figure 1 ). Post-transplant course was complicated by acute and chronic GVHD, involving skin (grade III) with desquamative lesions and the gastrointestinal tract (grade III) as proven by biopsy during colonoscopy in June 2003. The acute GVHD was initially treated with high-dose methylprednisolone and cyclosporine A, which were successfully weaned off by March 2005 without signs of chronic GVHD. Twenty-one months after cessation of chronic immunosuppressive therapy and in the continued absence of GVHD symptoms, serum creatinine increased from 0.9 mg/dL to 5.4 mg/dL, associated with proteinuria but without overt nephrotic syndrome (urinary protein/creatinine 10.7 g/g) and new-onset microscopic hematuria. Serum IgA level was 443 mg/dL (normal 72-372 mg/dL). Renal biopsy revealed crescentic IgAN (detailed in 'Pathology'). Glucocorticoids, cyclophosphamide and then azathioprine were given with lisinopril. Eight months later, proteinuria improved to 0.3 g/g, serum albumin normalized to 4.0 g/ dL (nadir 1.5 g/dL) and serum IgA level decreased to normal, 336 mg/dL. Seventeen months after biopsy, serum creatinine was 1.4 mg/dL, off immunosuppressive therapy.
The donor had no evidence of kidney dysfunction, hypertension, proteinuria or microscopic hematuria. Serum IgA level was normal, 247 mg/dL.
Patient 2
A 34-year-old Asian man with chronic myelogenous leukemia underwent 10:10 HLA-matched full myeloablative (Figure 2) . One year after cessation of immunosuppressive therapy and 24 months after transplantation in the absence of GVHD symptoms including rash, gastrointestinal symptoms or abnormal liver function tests, serum creatinine rose acutely from 1.3 mg/dL to 5.2 mg/dL, associated with substantial proteinuria 6.1 g/g (without overt nephrotic syndrome), hypoalbuminemia 2.2 g/dL and new-onset microscopic hematuria. Serum IgA level was 250 mg/dL. Renal biopsy showed crescentic and necrotizing IgAN (detailed below). Prednisone and azathioprine therapy was interrupted by sepsis after 2 months; nonetheless, serum creatinine and albumin improved to 3.5 mg/dL and 3.5 g/dL, respectively, and proteinuria improved to 2.6 g/g. The donor had no evidence of kidney dysfunction, hypertension, proteinuria or microscopic hematuria. Serum IgA level was normal, 214 mg/dL.
Pathology
Renal biopsy samples of both patients exhibited moderately advanced glomerular disease (30 to 50% obsolete glomeruli) with crescents in >50% of viable glomeruli ( Figure 3 ). Some crescents were primarily cellular, whereas others had substantial fibrin and few cells. Mild mesangial hypercellularity and sporadic matrix expansion with segmental agglutination of the capillaries were noted. Interstitial edema and multifocal collections of inflammatory cells as well as moderate arteriosclerosis were present. On immunofluorescence study, both cases showed 2-3+ diffuse mesangial staining for IgA and C3, with focal staining in the capillaries. IgG staining, similar in distribution but with less intensity of 1+ was noted for patient 1. The staining for IgG was insignificant for patient 2. On electron microscopy, numer-ous and large electron-dense glomerular deposits were seen in the mesangial and paramesangial areas, rare deposits in subendothelial areas of the capillary wall.
Measurement of galactose-deficient IgA1
We measured total IgA and galactose-deficient IgA1 in samples of serum and urine collected 64 and 25 months after hematopoietic cell transplantation in cases 1 and 2, respectively, by enzyme-linked immunosorbant assay (ELISA) [5] . In case 1, the donor and recipient had elevated serum levels of galactose-deficient IgA1, comparable to those of IgAN patients, whereas the donor and recipient in case 2 had normal levels (Table 1) . Notably, only the two recipients had elevated urinary excretion of galactose-deficient IgA1. Archived samples of blood or urine prior to transplantation were not available.
Discussion
Glomerulopathy after hematopoietic cell transplantation, specifically membranous nephropathy and minimal change disease, has been attributed to GVHD [2] as shown in murine models [6] . Proximity of disease onset to cessation of immunosuppression and a high prevalence of concomitant GVHD suggest that the glomerular injury is immune-mediated [2] , possibly through interaction of recipient B cells and dysfunctional donor T cells [6] . However, development of IgAN is not closely associated with active GVHD, which suggests mechanisms of pathology independent of those of GVHD. Most of the cases (the present two and those reported in the literature) exhibited no symptoms of active GVHD at onset of glomerular disease [3, 4] and had a rapidly progressive course with crescentic IgAN. Pathologic processes other than GVHD should be considered.
Specific clones among transplanted stem cells may induce immune-mediated tissue injury in the recipient, including IgAN [7, 8] . In a murine model, hematopoietic cell transplantation from a strain with no renal disease attenuated the glomerular injury of IgAN; conversely, transplantation of marrow from mice with aggressive IgAN into a 'disease-quiescent' strain induced greater glomerular injury [7] . Furthermore, bone marrow transplantation in humans has been shown to dampen the injury of IgAN [8] .
Transfer of donor immune characteristics after hematopoietic cell transplantation has also been documented for patients with psoriasis, rheumatoid arthritis, autoimmune thyroiditis and immune thrombocytopenia [9] . The recipient in case 1 also newly manifested psoriasis, like his donor. IgAN likely results from glomerular deposition of circulating immune complexes comprised of galactose-deficient IgA1 bound by an IgG or IgA antibody that recognizes the galactose-deficient hinge-region glycans of IgA1 [10] . About three-quarters of patients with IgAN have elevated levels of galactose-deficient IgA1 in the circulation [5] and urine [11] . In this report, only the donor and recipient in case 1 had increased serum galactose-deficient IgA1 levels. However, both recipients had increased urinary excretion of galactose-deficient IgA1. Presumably, a clone of donor stem cells produced the galactose-deficient IgA1 in both recipients, leading to nephritogenic circulating immune complexes that deposited in the glomeruli and later entered the urine. The modest mesangial staining for IgG for patient 2 may reflect a predominance of IgA versus IgG as the isotype of anti-glycan-specific antibody [10] . The pronounced renal injury in both patients was striking and is probably due to explicit features of the immune complexes that influence nephritogenicity, such as size and composition [10, 12] .
The serum levels of galactose-deficient IgA1, intensity of IgG staining on immunofluorescence and gender of the donor differentiate the two cases. However, for both patients, the urinary excretion of galactose-deficient IgA1 was high. Despite differing serum levels between the recipients, both had galactose-deficient IgA1 levels corresponding to that of their donor, which may imply that donor immune characteristics are responsible for the variable findings. Moreover, the 100% chimerism (Figures 1  and 2 ) in both recipients shortly after transplantation suggests that their immune systems were derived entirely from donor marrow.
Our findings suggest that donor stem cells are likely integral to disease expression, possibly through modification or transfer of disease-inducing cells, although the lack of archived serum or urine prior to bone marrow transplantation precludes further investigation. These two cases provide unique insight into the kinetics of overproduction of galactose-deficient IgA1 and its glomerular deposition and consequent renal injury in IgAN. We propose that IgAN developed after hematopoietic cell transplantation due to a non-GVHD-related multi-hit process associated with glomerular deposition of galactosedeficient IgA1.
